Momentum-resolved Raman spectroscopy of bound molecules in ultracold Fermi gas 
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The binding energy of Feshbach molecules from a two component Fermi gas of 40 K atoms has 
been experimentally measured with the momentum-resolved Raman spectroscopy. Comparing with 
the radio- frequency spectroscopy, in the present experiment the signal of unpaired (free atoms) 
and the bound molecules can be directly observed and the binding energy can be simultaneously 
determined in a single running experiment. The energy-momentum dispersion spectra of the strongly 
interacting ultracold Fermi gas in BEC side are also measured and reconstructed. The present 
experimental technology of the momentum-resolved Raman spectroscopy can be easily extended to 
perform spatially momentum-resolved Raman spectroscopy and to obtain the response spectra of a 
homogeneous system in the local density approximation. 



Interacting Fermi gas [1], is a simple, clean and 
easy controllable system with rich physical behaviors, 
which provides a new platform for studying the frustrat- 
ing problems in the condensed matter physics and the 
quantum simulation of many-body system [2[, such as 
high-temperature superfluidity and BEC-BCS crossover. 
Magnetic field induced Feshbach resonances present a 
means to precisely control the interaction of ultracold 
Fermi atoms in different spin states over several orders 
of magnitude |3r]6j . This method allows us to create 
molecules 0, Hj^ and fermionic su per fluidity in balanced 
and unbalanced components [9l4l l| . Radio- frequency 
(RF) spectroscopy has become a powerful tool for study- 
ing single-particle excitations in degenerate Fermi gases, 
such as to probe the pair size [12|. energy excitation spec- 
trum and paring gap 17H19I . An other impor- 
tant tool in this field is Bragg spectroscopy, which has 
been used for probing density-density correlations [io| 
and measuring the universal contact of an interacting 
Fermi gas [2lj. There are also many other detection 
methods of Fermi pairing proposed theoretically such 
as Stokes-scattering method [22| , interferometric method 
I23[, electromagnetically induced transparency method 

0. 

The Raman spectroscopy technology [25j has been pro- 
posed to probe the one-particle excitation in degenerate 
Fermi gases. In the Raman process, the atoms in initial 
state absorb a photon from a Raman laser beam and 
immediately emit a photon into another Raman laser 
beam. During this process the atoms are transferred 
into an other internal state with different momentum. 
Compared to the RF spectrum, the Raman spectroscopy 
offers several advantages, e.g., spatial selectivity, tunabil- 
ity of transferred momentum and weak sensitivity to final 
state interaction [26]. Recently, we have experimentally 
measured the dispersion of a non-interacting degenerate 
Fermi gas by means of the momentum-resolved Raman 
spectroscopy technology [27| . 

In this letter, we present the first experimental achieve- 
ment on exploiting Raman spectroscopy to probe Fesh- 
bach molecules in ultracold Fermi gas. The Feshbach 
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FIG. 1: (Color online). Geometry and energy level dia- 
gram for Raman spectroscopy, a, The atomic level dia- 
gram for Raman transition from the state |2) to |3) and the 
bound molecules formed by the atoms in states |1) and |2). 
b, Schematic of the Raman spectroscopy experiment. Two 
Raman beams counterpropagating along ±x illuminate the 
ultracold Fermi gas and the black arrow indicates the direc- 
tion of the bias magnetic field B. 



molecules are created in 40 K atomic gas consisting of an 
equal mixture of atoms in the \F = 9/2, mp = —9/2) 
and \F = 9/2, mp — — 7/2) states by ramping the mag- 
netic field from above the s-wave Feshbach resonance 
202.2 G to a value below the resonance. We apply a 
Gaussian shape pulse of Raman laser to transfer atoms 
from the state \F = 9/2, mp = —7/2) to the final state 
\F = 9/2, vrtp = —5/2) and record the momentum distri- 
bution of the atoms in \F = 9/2, mp = —5/2) state by 
time-of-flight (TOF) absorption image. We observe si- 
multaneously the composition of gas, including unpaired 
atoms and bound molecules in BEC side and determine 
the binding energy by the momentum distribution of the 
atoms in \F = 9/2, mp = —5/2) state in a single running 
experiment. The momentum distributions of the atoms 
in \F = 9/2, mp = —5/2) state are recorded as a func- 
tion of the frequency difference between the two Raman 
lasers, and then the spectral function of the ultracold 
Fermi gas is reconstructed. 

We consider the atomic system with three internal 
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states labeled by |1),|2) and |3), as shown in Fig. 1 
(a). There is a interaction between the atoms in state 
|1) and 1 2), which forms the molecules with the binding 
energy E^, and the state |3) is non-interacting with both 
states 1 2) and |1). The Raman laser frequency-difference 
is chosen to transfer the atoms in state |2) to |3), but 
which is not in resonance with any transition. For the Ra- 
man process, we define the effective Raman coupling as 
Q — ^1^2/ A, here Qi is the Rabi frequency of laser beam 
i with frequency uoi and wave vector Iq, A is the detun- 
ing between Raman laser field and intermediated excited 
states. According to energy and momentum conserva- 
tion, one obtains the momentum transfer q r = ki — k2 
and the energy shift TiAuu = h(ui —002) of the atoms and 
it can also be described by expressions of the outgoing 
channel 



hAu = E 3 z 2 (B)-e 
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Here E^(B) is the Zeeman energy split between the state 
1 3) and |2) in a magnetic field B. e^ naZ (k + q r ) is the 
energy momentum dispersion of atoms in final state |3). 
The spin flipped atoms have only very weak interactions 
with the other atoms which means that the dispersion 
can be expressed with the usual free-particle dispersion: 



c Final 
13) 



(k + q r ) = h (|k + q r |) /2ra, where m is the atomic 



mass. ejv^ (k) stands for the dispersion of atoms in 
state 1 2) strongly interacting with the state |1), which can 
be reconstructed by the momentum distributions of the 
atoms in |3) state as a function of the frequency difference 
of the two Raman lasers, 
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(k) = E%\B) - hAu + h z (\k + q r \y/2m. (2) 



The apparatus and the basic experimental methods 
have been described in our previous publications [28l-l32| , 
in which the Bose- Fermi mixtures are cooled in magnetic 
field and transported into an optical trap. The experi- 
ment begin with a degenerate Fermi gas about 2 x 10 6 
40 K in the \F = 9/2, m F = 9/2) internal state, which has 
been evaporatively cooled to T/T F ~ 0.3 with bosonic 
87 Rb atoms inside the crossed optical trap, where T is 
the temperature, T F is the Fermi temperature defined 
by T F = E F /k B = ^(6iV) 1/3 , and u is the geometric 
mean trapping frequency, TV is the number of fermions. 
A 780 nm laser pulse of 0.03 ms is used to remove the 
87 Rb atoms in the mixture without heating of 40 K atoms. 
Subsequently, the fermionic atoms are transferred into 
the lowest state \F = 9/2, m F = —9/2) via a rapid adia- 
batic passage induced by a radio frequency field of 80 ms 
at 4 G. In order to prepare the Fermi gas 40 K in an equal 
mixture of \F = 9/2, m F — — 9/2) (regarded as |1)) and 
\F = 9/2, m F — —7/2) (regarded as |2)) states, a homo- 
geneous bias magnetic field produced by the quadrupole 
coils (operating in the Helmholtz configuration) is raised 
to about B « 219.4 G in the y direction and then a radio 
frequency ramp around 47.45 MHz is applied for 50 ms. 



It is crucial in the experiment to control the high mag- 
netic field precisely and reduce the drift and AC field 
noise. The current through the coils is controlled by the 
external regulator relying on a precision current trans- 
ducer (Danfysik ultastable 867-601). An analog current 
signal is generated from the current transducer which is 
proportional to the primary current. The current signal 
is transformed into the voltage signal by a precision re- 
sistor with a low temperature coefficient of 15 ppm/°C. 
Then a regulator compares this current value with a given 
voltage value from a computer. The output error signal 
from the regulator actively stabilizes the current with 
the PID (proportional-integral-derivative) controller act- 
ing on the MOSFET (metal-oxide-semiconductor field- 
effect transistor). In order to reduce the current noise 
and decouple the control circuit from the main current, 
a conventional battery is used to power the circuit. 

In order to create molecules, the homogeneous bias 
magnetic field is ramped from 204 G to a value B below 
the Feshbach resonance located at 202.2 G at a rate of 
about 0.08 G/ms. This procedure would therefore result 
in a mixture of weakly bound molecules and unpaired 
atoms in \F = 9/2, m F = -9/2) and \F = 9/2, m F 

7/2) states. To probe the binding energy of molecules 
by Raman spectroscopy technology, a pair of 773 nm Ra- 
man laser from a Ti-sapphire laser with the frequency dif- 
ference Acj, counterpropagating along the x axis, which 
couple the two hyperfine states \F = 9/2, m F = — 7/2) 
(|2)) and \F = 9/2, m F = -5/2) (|3)) as shown in Fig. 
1(b). The momentum transferred to atoms during the 
Raman process is |q r | = 2k r sin(0/2), where k r = 2tt/X 
is the single-photon recoil momentum, A is the wave- 
length of the Raman beam, and = 180° is the in- 
tersecting angle of two Raman beams. Here, Tik r and 
E r = (hk r ) 2 /2m = hx 8.34 kHz are the defined units of 
momentum and energy for the later figures. Two Raman 
beams are frequency-shifted -75 MHz and -122 MHz 
by two single-pass acousto-optic modulators (AOM) re- 
spectively. In this way the relative frequency difference 
between the two laser beams is precisely controlled by 
the two signal generators used for two AOMs. After out 
of the optical fibers, the two Raman beams with inten- 
sity I = 50 raW, are intersecting in the atomic cloud 
with 1/e 2 radii of 200 \±m and are linearly polarized 
along z and y axis directions respectively, which corre- 
spond to 7r and a of the quantization axis y. A Gaussian 
shape pulse of the Raman laser with a duration time 
about 70 11s is applied to transfer atoms from the ini- 
tial state |9/2, -7/2) to the final state |9/2, -5/2). The 
pulse is generated by the voltage-controlled RF attenu- 
ators of AOMs' driver. The Gaussian envelop hence re- 
sults in the elimination of the side lobes in Raman spec- 
tra. Here, when the atoms are in Raman resonance (at 
about 47.2 MHz) between \F = 9/2, m F = -7/2) and 
\F = 9/2, m F = — 5/2) near Feshbach resonance (202.2 
G), the energy split between \F = 9/2,m F = —9/2) and 
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FIG. 2: (Color online). Determining the binding energy 
of s-wave molecules, a, Absorption images of Fermi gas 
and integrated optical density of atoms in \F — 9/2, tuf = 
—5/2) state along z with the mixture and the single spin state 
\F — 9/2, niF — —7/2). The red dashed line indicates the 
same position in x for free atoms. Mol: molecules, b, The 
measured binding energies of molecules on the BEC side of the 
s-wave Feshbach resonance are plotted versus magnetic fields 
(red pentagon). The solid line is the theoretical calculation 
of the binding energy of molecules for 40 K atoms in \F = 
9/2, m F -9/2) and \F 9/2, m F -7/2) states. 

\F = 9/2, m F = -7/2) is about 44.8 MHz, which is a 
very large detuning for Raman transition. After the Ra- 
man laser pulse, we abruptly turn off the optical trap and 
the magnetic field, and let the atoms ballistically expand 
for 12 ms in a magnetic field gradient applied along z and 
take TOF absorption image along y. The atoms in differ- 
ent hyperfine states and momentum states are spatially 
separated and thus can be easily analyzed. 

We first measure the function of the binding energy of 
molecules Eb(B) versus the magnetic field on the BEC 
side of Feshbach resonance. By selecting the appropriate 
frequency difference Auj of the two Raman beams, the 
two distinctly different momentum distributions of the 
atoms in 1 9/2, —5/2) state along x appear in a TOF ab- 
sorption image as shown in Fig. 2(a). The phenomenon 
is induced by the free atoms and bond molecules with 
the different moment urns, which satisfies Eq. 1 simul- 
taneously when fixing frequency difference Auj of two 
Raman beams. In order to recognize the different mo- 
mentum distributions resulting from the free atoms or 
the bond molecules, we perform the same procedures 
and the only difference is to prepare atoms in the sin- 
gle spin state \F = 9/2, mp = —7/2) instead of the equal 
mixture. The TOF image only shows a single momen- 
tum distribution of the atoms in 1 9/2, —5/2) state, which 



corresponds to the free atoms as shown in Fig. 2(a). 
The peak corresponding to unpair atoms is narrower and 
exhibits symmetric shape. The asymmetric peak corre- 
sponds to the dissociation of the bound molecules. This 
result shows that the composition of gas includes the un- 
paired atoms and bound molecules in BEC side. To de- 
termine the binding energy of molecules exactly, we first 
determine the maximum molecule signal and then fit this 
curve to extract the distance x of two peaks of the atoms 
in |9/2, — 5/2) state from the atom optical density inte- 
gration along z direction. The relationship between the 
binding energy of molecules and the distance x of two 
peaks can be determined by preparing atoms in the sin- 
gle spin state \F = 9/2, mp — —7/2) and performing 
respectively two measurements under two different fre- 
quency differences between two Raman beams, Auji and 
Aco>2- The distance between the atomic momentum dis- 
tribution peaks measured at the two cases' of Auji and 
Aco>2 corresponds to the energy h(Aui — Au^)- The func- 
tion of the molecule binding energy versus the magnetic- 
field intensity is plotted in Fig. 2(b). Due to the limit of 
the momentum distribution of the unpaired atoms and 
bound molecules, the binding energy of molecules can 
be directly measured in a single running experiment if 
the binding energy of molecules is smaller than about 70 
kHz. When the binding energy of molecules is larger 
than about 70 kHz, we must perform two measurements 
to determine the positions of molecules and unpair atoms 
respectively. We compare the measured binding energies 
near the Feshbach resonance with the black line based 
on a theoretical calculation of a approximate analytic 
formula with the requirement of a ^> tq [7| 



where a is the scattering length describing the interaction 
of atoms in states \F = 9/2, mp — — 7/2) and \F = 
9/2, mp — —9/2), and ro ~ 60ao is the range of Van 
der Waals potential Q. The experimental results are 
consistent with the expected behavior under changing 
the magnetic field. 

Now we reconstruct the spectral function of the Fermi 
gas on the BEC side by the momentum-resolved Raman 
spectroscopy. By fixing the magnetic field and changing 
the frequency difference between the two Raman lasers 
with a step of 2.5 kHz, we obtain the TOF absorption 
images as function of the frequency difference of Raman 
lasers as shown in Fig. 3(a). Then we integrate atomic 
optical density of the atoms in |9/2,— 5/2) state along 
z direction for each image and obtain the momentum 
distributions in x. All momentum distributions in x of 
the spin state |9/2, — 5/2) for different frequency differ- 
ences of the Raman lasers are plotted into the (Auj, k x ) 
plane, as shown in Fig. 3(b). According to Eq. 2 
and the quadratic energy-momentum dispersion of the 
final state, the energy- momentum dispersion of the ini- 
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FIG. 3: (Color online). TOF images and the energy- 
momentum dispersion reconstructed by momentum- 
resolved Raman spectroscopy for ultracold Fermi gas. 

a, Absorption images of Fermi mixture and integrated optical 
density of atoms in \F = 9/2, wif = —5/2) state at 201.5 
G with Raman frequency difference Auj from 47.1 MHz to 
47.22 MHz. b, The plot is intensity map of the atoms in 
\F — 9/2, ra^ = —5/2) state in the (Ac*;, fee) plane. The 
atomic density is displayed with the pseudocolor. The blue 
shade regions correspond to the atomic density of zero, c, 
The translated intensity spectrum shows the atomic number 
of unpaired atoms and bound molecules as a function of the 
single particle energy (normalized to E r ) and momentum k x 
(normalized to k r ). 



tial state (Fig. 3(c)) is obtained from the measured spec- 
trum (Fig. 3(b)). The reconstructed energy- momentum 
dispersion simultaneously presents the characteristics of 
the unpaired atoms and bound molecules in BEC side, 
in which the unpaired atoms show nearly quadratic dis- 
persion, however the bound molecules does not exhibit 
the exactly quadratic dispersion. The bound molecules 
are broken into two free atoms with equal and opposite 
momentum in the molecule center-of-mass frame by the 
Raman laser. Thus there is the extended momentum dis- 
tribution at the lower negative energy below the binding 
energy. The broader dispersion of the bound molecules is 

13, an inverse Abel trans- 



shown in Fig. 3c. In Ref. 
form is used to reconstruct the three-dimensional mo- 
mentum distribution when consider the momentum dis- 
tribution is isotropic. Then the dispersion spectra along 
the radial direction of momentum are obtained. Here, 



we give the dispersion in k x direction after integrating 
one direction of the absorption image. Although the dis- 
persion spectra between our work and Ref. [H Q are 
plotted with the different forms, the dispersion spectra of 
the bound molecules show the similar features since they 
come from the same wave- function of bound molecules. 

In conclusion, we experimentally study the Raman 
spectroscopy of ultracold Fermi gas on the BEC side 
near a s-wave Feshbach resonance. Since Raman pro- 
cess will transfer a large momentum into atoms, Raman 
spectroscopy presents the inherent momentum-resolved 
characteristics. The binding energy of molecules can di- 
rectly be measured in a single running experiment by 
means of Raman spectroscopy. The spectral function of 
the ultracold Fermi gas is reconstructed, which presents 
the different characteristics of the unpaired atoms and 
bound molecules in BEC side. This experimental tech- 
nology has some advantages compared to RF and Bragg 
technology and can be easily extended to perform spa- 
tially momentum-resolved Raman spectroscopy and to 
obtain the spectra function for the response of a homo- 
geneous system in the local density approximation. 
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